Abstract The behaviour of arsenic (As) derived from tailings was investigated at the Yara Siilinjärvi apatite mine and industrial site in eastern Finland. The study assessed factors influencing the migration and fate of As and compared the anthropogenic As load to the natural geogenic background. Environmental risks related to As were assessed by examining the As concentrations in humus, glacial till, aquatic sediments, groundwater, and surface water. The occurrence and fractionation of As and the presence of secondary precipitates and geochemical transformations in the tailings and in the ambient soil and sediment were evaluated by selective extraction. The water-derived emissions were evaluated by field measurements, hydrogeochemical analysis, and modelling. Results indicate elevated environmental risks due to dust and seepage emissions from the tailings since the concentrations and mobility of As and other potentially harmful elements (PHEs) such as Co, Ni, and Zn were elevated relative to the geogenic background. These elements were mainly associated with Fe (oxy)hydroxides in the soil and their mobility was closely linked to Fe biogeochemistry. Additionally, although the concentrations of As and PHEs were high in the tailings pond and seepage water, they decreased in ambient groundwater and surface water, indicating Fe (oxy)hydroxide stability. This was supported by hydrogeochemical modelling, which indicated precipitation of Fe oxides and hydroxides. According to speciation modelling, As was present mainly as toxic trivalent arsenious acid (H 3 AsO 3 ) in groundwater and as the less toxic pentavalent As acid (H 2 AsO 4 -and HAsO 4 2-) in surface water.
Introduction
Arsenic (As) is a ubiquitous metalloid that is found in low concentrations in the atmosphere, in aquatic environments, in soils and sediments, and in organisms. It occurs as a major constituent in more than 200 minerals as elemental As, arsenides, sulfides, oxides, arsenates, and arsenites (Smedley and Kinniburgh 2002) . Its presence in the environment can be due to natural processes, such as weathering, biological, and volcanic activity, or anthropogenic activities (Cullen and Reimer 1989; Huang et al. 2011; Pongratz 1998) . As is problematic because of its relatively high mobility over a wide range of redox conditions and its toxicity to humans, animals, and plants (Turpeinen et al. 1999 ). In natural conditions, As speciation is controlled by chemical properties such as pH and redox conditions, along with absorption, desorption, and ion exchange reactions (Ferguson and Gavis 1972; Sadiq 1997) . As adsorption is high at low pH and decreases with increasing pH (Xu et al. 1991) . At all pH values, arsenate bonds more easily than arsenite and therefore, arsenite is also more mobile than arsenate (Kim et al. 2012) . Moreover, once released, As is highly bioavailable (Naidu 2012) . However, in acidic aquatic environments, even a slight increase in pH may lead to adsorption of As onto Fe (oxy)hydroxide particles that settle, decreasing the amount of dissolved As. Because of this, dissolved As does not usually migrate far from its source in surface water (Straskraba and Moran 2006) .
Human activities, such as mining and industrial activities, can greatly affect the stability, mobility, and toxicity of As by changing the chemistry and redox conditions of water and soil (Hakala and Hallikainen 2004; Henke 2009; Lahermo et al. 1996) . Therefore, even in areas naturally poor in As, anthropogenic activities may concentrate As in solid wastes or drainage and create a serious threat to human health and the environment (Henke 2009; Lahermo et al. 1996) .
Since different As species exhibit wide-ranging levels of toxicity to various organisms, it is important to analyse As speciation and fractionation, not just total concentration. This can also be assessed using hydrogeochemical modelling software, such as PHREEQC (Parkhurst and Appelo 1999) . Chemical fractionation by selective extraction has also been widely used to assess solid-phase distribution, retention, and mobility of As and other harmful substances in soils and sediments (e.g. Filguieras et al. 2002; Kahelin and Kallio 2004; Räisänen and Hämäläinen 1991; Räisänen et al. 1992; Tessier et al. 1979) . It can also be used to identify the adsorbents that are controlling the mobility of As in the environment (e.g. Filguieras et al. 2002; Räisänen and Hämäläinen 1991; Räisänen et al. 1992; Tessier et al. 1979) . Chemical fractionation reveals the proportion of easily leachable and available As in soil and water and can thus be used in ecological risk assessment (ERA) (c.f. Filguieras et al. 2002; Kahelin and Kallio 2004) . A combination of geochemical and hydrogeochemical methods has been helpful in assessing the migration of industrial-derived emissions and alterations in the environment (e.g. Heikkinen et al. 2009a,b; Parviainen 2012) . Moreover, ERA can be used to identify a certain hazard and evaluate the probability that an adverse effect will occur as a result of an exposure to a stressor (Wang et al. 2012) .
Every year 250,000 t of tailings are recovered as a byproduct of sulphuric acid production in Siilinjärvi. The sulphuric acid is required to process the apatite ore into phosphoric acid which is used in the fertilizer and animal feed production. The sulphuric acid is produced by reprocessing the byproduct pyrite from the Pyhäsalmi copper and zinc mine located in Pyhäjärvi, in western Finland, about 130 km northwest of the Yara industrial site. We aimed to elucidate the factors contributing to the fate and risks of As migrating from the tailings pond to the surrounding environment at the Yara Siilinjärvi industrial site and apatite mine, in eastern Finland. Also, the anthropogenic As load from the tailings was compared to the natural, geogenic background to estimate the ecological risks associate with the As emissions. We used a combination of geochemical and hydrogeochemical analysis, modelling, and risk assessment.
Methods

Study Area
The study area, located at 63°6 0 N 27°45 0 E (Fig. 1) , consists of a tailings pond and its ambient environment close to the Yara Suomi Oyj's industrial site, fertilizer plant, and apatite mine. The plant started operating in 1969 and the mine has operated since 1979. The plant mainly produces fertilizers and phosphoric acid but also other industrial chemicals. The mine produces apatite, biotite, and calcite (ELY 2006) . The Fe tailings are a byproduct of the sulphuric acid factory and have been deposited at the site since 1969. The study site is located 3 km from the city of Siilinjärvi and the nearest residential houses are ca. 500 m from the tailings. Lake Kuuslahti is located 200 m from the tailings. The land use in the vicinity of the study site mainly consists of forest and agricultural land. In 2012 a few million tons of tailings was deposited at the site, which is 21 ha in area (AVI 2011).
The pyrite (FeS 2 ) is calcinated at a high temperature. In calcination, sulphur is oxidized to gaseous sulphur dioxide; the decomposing agent is Fe oxide. Before 1983, pyrrhotite (Fe 1-X S) or pyrrhotite mixed with cobalt-concentrate or pyrite were the main materials used to produce sulphuric acid. The third calcination facility started in 1983, which increased the production of the tailings as well as the amount of seepage from the tailings (Huttunen 2012) . The tailings consist mainly of hematite (99.4 %), with an Fe content of 66 %. According to earlier studies (AVI 2011; Vestola et al. 2012) , the Fe tailings at Yara Suomi Oyj has a high As content (500-654 mg kg -1 ), which exceeds the upper guideline for soil in Finland (100 mg kg -1 ). The tailings also contain high levels of Ba, Cu, Co, and Zn. Arsenic occurs as arsenic trifluoride (AsF 3 ) and with other metal impurities (Co, Zn, Cu) in an oxidized form. The tailings have been analysed by the certified leaching tests of the European Committee for Standardization (CEN). In the leaching tests, the solubility of As, Cu, Zn, and SO 4 were high, exceeding the limits for hazardous waste (AVI 2011; ELY 2006; Vestola et al. 2012) . The water content of the tailings was approximately 19 % and since the particle size is very fine (80 %\90 lm), the tailings are a potential source of dust emission, especially during extreme weather events. Therefore, Yara Suomi Oy is performing preventive actions (irrigation, covering with soil, revegetation) to control dust emissions (AVI 2011; ELY 2006) .
The bedrock and sediments of the study area are naturally poor in As. The bedrock is mostly a Meso-and Neoarcheanbasement gneiss complex, with rocks of various heterogenic migmatites, homogenic tonalitic, granodioritic granitoids, and granites. Migmatite also includes trondhjemitic to granodioritic veins and more homogenous gneiss, with varying composition of granodiorite to quartz diorite. On the west side of the study area is a north-trending, 16 km long and 1.5 km wide alkaline rock complex of carbonatite/glimmeritesyenite. It contains apatite core that is mined as a raw material for phosphoric acid and phosphate fertilizers. The tailings site is located above the basement gneiss complex (Lukkarinen 2008) . The quaternary deposits of the area consist mainly of glacial till. In places there are some more permeable deposits of glaciofluvial gravel and sand but no continuous groundwater reserve is present in the area. In valleys and closer to lakes, the surface sediments are lacustrine clays, fine silts, and fine sands (Lukkarinen 2008) . The As concentration of local bedrock is below 20 mg kg -1 and due to the chemical characters of the local bedrock the As concentrations of the till (\10 mg kg ) are naturally low (e.g. Koljonen et al. 1992; Lahermo et al. 1996; Tarvainen 2004; Tarvainen and Mannio 2004) .
The area's runoff flows towards Kuuslahti Lake, located approx. 200 m from the tailings. The tailings are surrounded by double ditches to collect the seepage water. The runoff and seepage water from the tailings (360 m 3 d -1 ) are collected by the inner ditch and flows to seepage ponds located between the lake and the tailings (Fig. 1) . This water is then reused as process water in the sulphuric acid factory. The outer ditch collects runoff water from the surrounding environment and leads them through two periodically monitored ditches to Kuuslahti Lake. The water in the two ditches is prevented from mixing by a compressed layer between the ditches. This layer continues below the bottom of the outer ''clean water'' ditch. Polluted 
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Groundwater ( groundwater from the tailings migrates to the fractured bedrock below the tailings site, from which it is pumped and directed back to the tailings ponds to prevent the polluted groundwater from flowing towards Kuuslahti Lake. The pumping started in -2000 (AVI 2011 . The tailings pond consists of old and new parts. The bottom and sides of the newer pond are a manually compressed mixture of till and calcite with a low permeability. The top part of the structure is under-drained to lower the water pressure in the tailings and till. This structure prevents seepage water flow into the surrounding environment. The bottom of the oldest part of the tailings site is not manually compressed, but the old site is no longer used and is mostly landscaped (AVI 2011).
Sampling and Chemical Analyses
Water and sediment sampling points were selected based on earlier studies provided by Yara and environmental authorities as well as hydrogeological and sedimentological characteristics of the site. A total of 49 samples were taken from 16 spots near the tailings in May and September, 2012 (Fig. 1 ). In addition, humus and subsoil samples were taken 5.5 km from the north of the study site to evaluate the geogenic background concentration. In addition to these background samples, values obtained from the National benchmark database Tapir (GTKs national benchmark database TAPIR) and from earlier studies (AVI 2011; ELY 2006; Koljonen et al. 1992; Lahermo et al. 1996; Tarvainen 2004; Tarvainen and Mannio 2004) were used to evaluate the natural geogenic background. The till samples were taken from topsoil (5 samples) and subsoil (24 samples), above and below the groundwater level, using a handheld percussion drill. The humus and stream sediments were taken using a plastic shovel, sediment net, and soil corer. A fresh tailings sample was collected in a bucket from the conveyor belt before it was deposited. The 23 cm long lake bottom sediment core was taken from the Kuuslahti Lake using a Sediment Limnos sampler in September 2012. The physical properties (pH, Eh, EC) of soil and sediment samples were measured in situ using Mettler Toledo Ò instrument. The soil samples were analyzed and pre-treated in the accredited (SFS-EN ISO/IEC 17025:2005) Labtium laboratory in Kuopio. The mobile and solid-phase fractionation of trace metals were determined using a three-step nonsequential (parallel) selective extraction procedure, in which the separate samples were leached with reagents of increasing dissolution strength (e.g. Filguieras et al. 2002; Kahelin and Kallio 2004; Räisänen and Hämäläinen 1991; Tessier et al. 1979 ). For quality control, blank samples were analysed in parallel with the research samples. Prior to selective extraction, samples were either freeze-dried (organic samples), or warm dried at 40°C (minerogenic samples) and sieved further to \2 mm grain size. For total concentration measurements, the samples were ground in a hardened steel bowl (Kahelin and Kallio 2004; Niskavaara 1996; Räisänen and Hämäläinen 1991) . The total concentration of metals was made by dissolution with hot aqua regia (12 M HCl ? 4 M HNO 3 , 3:1) for minerogenic samples and with hot nitric acid (7 M HNO 3 ) for samples that contained more than 10 % organic material, i.e. humus and sediments samples. The readily exchangeable fraction consisting of chemically adsorbed elements and phases was determined by ammonium acetate extraction (1 M NH 4 Ac, 1:60) with continuous shaking at pH 4.5 for 2 h. The fraction adsorbed on poorly crystalline (oxy)hydroxides was determined by ammonium oxalate extraction (0.2 M NH 4 -oxalate, 1:100) with continuous shaking at pH 3.0 for 3 h. Since the stronger extractions are also expected to dissolve phases leached in weaker solutions, the amount of each fraction is calculated by subtracting the concentration obtained in weaker extractions from the concentration obtained in the next stronger extraction step (e.g. Filguieras et al. 2002; Kahelin and Kallio 2004; Niskavaara 1996; Räisänen et al. 1992; Tessier et al. 1979 ). The concentrations were measured using inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) (e.g. Kahelin and Kallio 2004; Räisänen and Hämäläinen 1991) . Mineralogical analysis was made for the tailings sample using X-ray fluorescence (XRF). The lake bottom sediment samples were dated using the radiocaesium ( 137 Cs) method based on locating the current depth of the distinct 1986 Chernobyl nuclear and nuclear weapon testing (1963 fallout maximum) in the sediment profile by detecting the caesium activity with an Ortec gamma spectrometer. Records of the vertical distribution of 137 Cs in sediments can be used to provide nearly accurate dates; hence, concentrations from the bottom of the core were used as background values to evaluate the contamination of the Lake Kuuslahti sediments caused by industrial and mining activities (Jaakkola et al. 1981; Klaminder et al. 2012 ). The final dating was based on linear extrapolation without correcting for sediment compaction. The lake bottom sediments were analysed only for total concentrations with hot nitric acid (7 M HNO 3 ), since high organic content may accelerate the precipitation of Fe, resulting in altered concentrations.
Groundwater samples were collected using a tube bailer after water volumes in the wells were replaced by pumping. Surface water samples were collected in bottles from the ambient ditches, seepage ponds, and the ditches discharging to the Lake Kuuslahti. Two lake water samples were collected at depths of 2 and 17 m from Kuuslahti Lake using a Water Limnos sampler on September 2012. The alkalinity of the water samples was measured in situ using a HACH Ò titrator (sulphuric acid titration). The physical properties (pH, Eh, EC, DO, T) of water samples were measured in situ using a YSI Ò Professional Plus instrument. The water samples were analyzed for total and soluble metal and metalloid concentrations, anions, pH, redox, and alkalinity. The acid-soluble metals and metalloids in non-filtered water were measured by decomposing the sample with nitric acid. The concentrations of metals and metalloids dissolved in water were analysed using a filtered water sample. Both types of samples for metal and metalloid analyses were preserved using 0.5 mL of NHO 3 immediately after sampling at the site and analysed in laboratory using ICP-MS and ICP-OES. Anion determination was done from untreated sample using an ion chromatograph (IC).
The metal speciation in water was modelled using the geochemical equilibrium model PHREEQC (Parkhurst and Appelo 1999) using the MinteqA2 database. Spearman's rho correlation coefficients were calculated for soil and water analysis data using SPSS software (SPSS Statistics 21, IBM Corporation).
Ecological Risk Assessment
Ecological risks can be assessed by calculating the risk characterization ratio (RCR) for different elements in soil, water, or sediment. RCR was calculated as the ratio of the total concentrations or PEC (predicted environmental concentration) and predicated no-effect concentration (PNEC). PNEC is a risk assessment parameter that represents the concentration of a pollutant that is unlikely to harm the species involved, with respect to the effect being studied. Should the PEC exceed the PNEC, the concentration may be harmful for the environment in proportion to the ratio of the PEC to PNEC. If the PEC is less than the PNEC, there is little risk. The calculated risk assessment provides an estimate of the level of exposure, on the basis of which the risk estimate is conducted (Traas 2001; Wang et al. 2012) . ERA studies are generally performed in compliance with international (e.g. OECD, ECHA, EPA) and/or national guidelines. Finnish benchmark values for selected elements (Hg, Cd, Co, Cr, Cu, Pb, Zn, V, Tl, B, Ba, Mo, Se, Sn, As) are provided in the TAPIR national benchmark database of the Geological Survey of Finland (Tapir database).
The quantitative ERA carried out in this research was based on a conceptual site model (CSM), soil and water sampling, and geochemical analyses. The ERA did not include ecotoxicological tests or bioassays. The values for the assessment are derived from literature, national and international benchmark studies, and guideline values, as well as the field monitoring data (natural background). The first assessment of the soil samples was made by comparing the soluble fraction (NH 4 -acetate extracted) and chemically adsorbed fraction (NH 4 -oxalate extracted) towards the total fractions (aqua regia or nitric acid extracted) of As. To quantitatively assess the potential ecological risk of As and other PHEs at the site, the environmental values were compared with the PNEC values for soil and fresh water sediments by the European Chemicals Agency (ECHA), the PNEC values for soil by Finnish Environmental Institute (Reinikainen 2007) , local background concentrations obtained in this study, and benchmark values from a nationwide survey in Finland by the GTK (Koljonen et al. 1992; Lahermo et al. 1996 ; Tapir database; Table 1 ). Additionally, soluble concentrations of As and other PHEs in water samples were compared to total concentrations and to natural background concentrations obtained from the literature (Koljonen et al. 1992; Lahermo et al. 1996; Tarvainen 2004; Tarvainen and Mannio 2004) . The PNEC values of ECHA, Finnish concentration limits and quality standards for household water, and the quality standards for groundwater were compared to our measured concentrations (Table 1) .
Results and Discussion
Contaminant Migration from Tailings
Stability of Fe-oxides has an effect on the mobility of PHEs and especially As from tailings. According to the XRF mineralogical analyses, the Fe content and especially Feoxide content of the tailings was high (Table 2 ). Based on the geochemical analysis (Table 2), the As content of the tailings exceeded the upper reference values for contaminated soils and relatively high proportion of As was mobile or chemically adsorbed (i.e. potentially mobile) forms (Fig. 3) .
Chemical analysis of soil, sediment, and humus revealed elevated concentrations of As and other PHEs in the humus and topsoil (due to dust emission) close to the tailings as well as in the subsoil further from the tailings pond due to migration in the saturated zone (Table 3 ). The effect of dust emission can be visually observed in sampling points approximately 50-100 m from the tailings (sampling sites 1, 8, and 17, Fig. 1 ). The concentrations of As in humus ranged from 8 to 164 mg kg -1 , being highest 50 m from the tailings at sampling point H8 (Table 3) and exceeded the upper reference value for soil contamination. In humus, the total concentrations of As and other PHEs were elevated compared to the background values, but in tills, the total concentrations were mainly below the background levels (Table 3) . However, the concentrations of As and
other PHEs with increasing distance from the tailings were low in soils in unsaturated zone and higher in groundwater zone, which can be explained by smaller influence of dust emissions compared to contaminant transport in groundwater. The emissions from tailings e.g. sulphur have neither caused soil acidification as the pH in tills and in humus is typical for Finnish soils (Table 3 ; Kontio and Kähkönen 1991; Kähkönen 1993; Räisänen and Pulkkinen 1991) . As and PHEs in surface waters tend to accumulate in ditch sediments. The highest concentration of As and PHEs in solid phase was observed in the surrounding ditch sediment sample (S2, Table 3 ). The concentrations of As and other PHEs exceeded upper reference values also in the tailings pond sample S11. However, although the As concentrations in the beginning of the southern discharge (S13) and northern discharge ditch (S6) sediment were somewhat high, the concentrations decrease towards the end of the ditches (S7 and S14), and it seems that due to the increase in pH between the tailings pond and the ditches of the discharged water, As adsorbs onto Fe (oxy)hydroxide particles and settles to the bottom already in the beginning of the ditches (Tables 4, 6 ). The concentrations of the discharge ditch sediments were higher than the average concentration of stream sediments in Siilinjärvi area (3 mg kg -1 ) (Tarvainen and Mannio 2004). Low total and soluble As and PHE concentrations detected in ditch water samples (SW6, SW7, SW13 and SW14) support the contaminant adsorption to ditch sediment. Comparison of total and soluble As and other PHE concentrations shows that the amount of contaminants in particulate form are retained through settlement and adsorption, especially in the northern ditch.
Lake sediments are known to act as a sink for contaminants derived from their catchment. A sediment core taken from Lake Kuuslahti provides insight into the pre-mining background values as well as elemental conditions during and after mining and industrial activity. Based on Cs-dating of the lake bottom sediment (Fig. 2) , the core represents information from late 1940s to present and thus reveals the loading before the factory and the open pit mine opened. The vertical distribution of the total concentrations of As and other PHEs shows clearly how the concentrations have increased since industrial and mining activities began in the 1970s. The As content of the lake bottom sediment tripled since the third calcination facility began operating in 1983, while the Cd, Co, Zn, Cu, and S concentrations increased four to tenfold at about the same time. The changes in the content of the sediment began with sharp peaks in the Cd, Co, Cu, Ni, Zn, and S profiles in the early 1980s, accompanied by less prominent, but clear increases in the As profile (Fig. 2) . After peaking in the early 1980s, the concentrations of Cu, Ni, and S decreased relatively rapidly, whereas As, Cd, Co, and Zn decreased more slowly. These decreases were most likely due to growing environmental awareness and stricter environmental permit terms. Based on the chemical composition of the sediments, the concentrations of several contaminants exceed background concentrations (S15 , Table 3 ). However, the sediments provide a record of the net loading from the ambient environment with all sources and mechanisms combined, not a single source. Statistically significant positive correlation was detected not only between As, Co, Ni, and Zn, but also with the S and Fe in the soil and sediment samples (Table 4 ; Fig. 4a,  b) . This indicates that the concentrations of As and other PHEs were elevated by emissions from tailings, but also possibly by sulphidic precipitation or adsorbtion by secondary Fe minerals such as Fe-oxides and hydroxides. The selective extractions showed that the emissions from the tailings not only increased the total concentration of As, but also increased the potentially mobile and available fractions (Fig. 3) . Remarkable proportion of the total As in the soil, humus, and sediment was associated with Fig. 2 The vertical distribution of the total concentrations of As, Co, Cd, Cu, Ni, Pb, S and Zn in the lake bottom sediments of Lake Kuuslahti secondary precipitates rather than sulphide phases (Fig. 3) . In addition relatively high proportion of the As fraction was ammonium acetate extractable and thus easily mobilized and bioavailable. As expected from the high solubility of As in water, the As tended to be more mobile in areas with higher groundwater levels. The proportion of the ammonium acetate fraction was fairly high, especially in humus and sediment samples. The highest proportion of available As in humus was detected about 50 m from the tailings, at sampling point H8. The majority of As in tailings pond sediment (S11) was in ammonium acetate extractable. In addition, mobile and chemically adsorbed (oxalate extractable) fractions of As in the surrounding sediments and discharge ditches (S2, S6, S7, S13, S14) were high (Fig. 4) . The high proportion of oxalate-extracted Fe in the soil samples alongside statistically significant positive correlations between oxalate-extracted Fe and PHEs show the adsorption of As and other PHEs by Fe (oxy)hydroxides. This was also supported by the saturation indices (SI) from PHREEQC. SI is zero when water is saturated with a mineral, negative when the water is undersaturated, and positive when water is supersaturated (Parkhurst and Appelo 1999; Parkhurst et al. 1985) . Geochemical modelling indicated that As minerals should be dissolving and Fe oxides and hydroxides (e.g. goethite) precipitating, further showing how As mobility is closely linked to Fe biogeochemistry (cf. Dixit and Hering 2003) .
The As concentrations in soil and water were elevated near the tailings, but the As is retained by chemical adsorption to secondary minerals such as Fe-, Al-, and Mgoxides and hydroxides in ditch sediment and in soil (e.g. Straskraba and Moran 2006) . Also, the As-Fe correlation increases with decreasing pH, due to the fact that when ferrous Fe oxidizes and hydrolyzes, the pH is decreased below 6 and As is less mobile and easily adsorbed by Fe (oxy)hydroxides (e.g. Favas and Pratas 2012) . This prevents high concentrations of dissolved As from migrating far from the tailings by dust or surface water. However, if pH increases above 6, the surface charge of Fe adsorbents becomes dominantly negative, or the redox conditions change to reducing, adsorbed As may be released again into water due to reductive dissolution of Fe(III) (oxy)hydroxides that have sorbed As (e.g. Belzile and Tessier 1990; Bose and Sharma 2002; Dixit and Hering 2003) . Therefore, it is important to understand the physicochemical conditions in the environment when planning site remediation or predicting migration from tailings. It is essential to minimize the dust emissions from the tailings area and to continue pumping seepage water from the bedrock fracture zone.
Arsenic Hydrogeochemistry
Hydrogeochemical studies revealed a strong hydrochemical anomaly (high concentrations of As in ground and surface water) near the tailings. The highest As concentration was detected in the seepage water (sampling SW2 in Fig. 1 and Table 5 ), but the As concentrations decrease rapidly away from it, apparently due to the pH increase between sampling points SW2 and SW4 and ( Fig. 1 ; Table 5 ). As quickly adsorbs onto Fe (oxy)hydroxide and settles to the bottom of the surrounding ditch, decreasing the dissolved As (cf. Straskraba and Moran 2006) . The difference between total and soluble As concentrations was negligible; the As occurs mainly in soluble form in ground and surface water.
Concentrations of As exceeded the limits for household water (10 lg L -1 ) and the environmental standard for groundwater (5 lg L -1 ) at sampling point GW5, \200 m from Lake Kuuslahti (Fig. 1) . Additionally, the concentrations of other PHEs (Co, Cd, Zn, Cu, and Ni) and SO 4 were elevated in groundwater at sampling points 5 and 9 ( Fig. 1; Table 5 ), so it seems that despite the preventive pumping of the seepage water, the water from the tailings and seepage ponds is able to migrate towards Lake Kuuslahti. However, since the concentrations of As and other PHEs are low in the lake water (SW15), these elements seem to be adsorbed before discharging to the lake.
In most of the water samples, As concentrations showed strong positive correlations with Co, Li, Ni, Fe, Mg, S, Zn, Mo, Mn, and SO 4 (Table 6 ), but the concentrations decreased with increasing pH. The correlation with Fe, Mn, and Mg indicates that As mobilization is mainly controlled Values in lg/l, except Zn, Fe, S and SO 4 in mg/l \ below the detection limit, SW surface water, GW groundwater by adsorption by metal (oxy)hydroxides at the site. This is supported by the high concentrations of metal (oxy)hydroxides, especially Fe oxides, in the soil and sediment samples and the statistically significant positive correlation between Fe oxides and PHE concentrations in these samples (Table 4 ). In addition, geochemical modelling supports the precipitation of Fe (oxy)hydroxides, such as goethite (SI [ 1.3…7.0). The pH of the water samples ranged from 2.5 to 7.7, being highest in Lake Kuuslahti (SW15) and lowest in the seepage water (SW2). The oxidation reduction potential (ORP) ranged from 19 to 466 mV, being highest at SW2 and lowest in GW10 next to the lake. The water samples were mainly oxic, except for the groundwater samples close to the tailings pond and the lake water sample taken at a depth of 19 m. Various studies (e.g. Cullen and Reimer 1989; Ferguson and Gavis 1972; Francesconi and Kuehnelt 2002; Sadiq 1997) have shown that As speciation is highly affected by pH and redox conditions. In oxic, less acidic, neutral, and alkaline water, arsenate is usually the dominant form of As and it commonly hydrates to the dissociated As acid anions, H 2 AsO 4 -and HAsO 4 2- (Henke 2009 ). In comparison, under even slightly reducing conditions, arsenite becomes dominant (Kim et al. 2012 ) and inorganic As primarily exists as dissolved arsenious acid (H 3 AsO 3 ) at a pH below 9.2. According to the modelling, As occurred in groundwater as the less toxic trivalent arsenious acid (H 3 AsO 3 ) at pH \ 6 and mainly as pentavalent As acid (H 2 AsO 4 -and HAsO 4 2-) at pH [ 6. In ditch and lake water, As occurred mainly as pentavalent arsenatecompounds, H 2 AsO 4 -and HAsO 4 2-, regardless of the pH (Table 5) . Based on water analysis and hydrogeochemical modelling, the As concentrations and variations in As speciation are closely linked to SO 4 and Fe concentration and especially Fe speciation (Fig. 5) . This can be explained by the Fe speciation and higher mobility of As(III) at low pH and in the reduced environment, due to weaker adsorption of As(III) to Fe(III) hydroxides (Bose and Sharma 2002) . The higher the concentration of Fe(II) and lower the pH, the more As(III) was present in the water. 1.E-09
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Effect of Anthropogenic Emissions to Ecological Risks
Industrial activity increased the ecological risk by releasing As from the tailings and increasing the amount of chemically-adsorbed, easily mobilized, and available As in the soil. Since the ecosystem developed in the presence of naturally low background concentrations of As, elevated concentrations may pose a risk to the ambient environment. Various studies (e.g. Vaajasaari et al. 2004 ) have shown that As contamination of soil has a direct impact on microbial community and structure by reducing the population in soil and water. In humus, the total concentrations of As, Co, Cd, Cu, and Ni, and in till, the total concentration of As and Co, exceeded the PNEC values of ECHA for soil. The total concentrations of As, Cd, Co, Cu, and Zn in lake bottom sediment (S15) exceeded the ECHA PNEC value for fresh water sediment (Tables 2, 4). The levels of As, Co, Cu, and Cd reached the ECHA PNEC value in the surrounding ditch (S2) and northern discharging ditch (S6, S7) samples. In the southern discharging ditch (S13, S14), only Co exceeded the PNEC. The concentrations of As and other PHEs in soil were below the Finnish maximum acceptable concentration in soil of industrial site (250 mg kg -1 ), but exceeded the maximum ineffective concentrations in soil.
The As concentration in 64 % of the water samples exceeded the ECHA PNEC value for fresh water (0.5 lg L -1 ). In addition, several of the samples contained Co, Cd, Cu, and Zn at levels exceeding PNEC. Based on hydrogeochemical modelling, most of the As in water was the less toxic arsenate, and the concentrations in discharging ditches (SW6, SW7, SW13, SW14) and Lake Kuuslahti (SW15) were low. Yet, the As in ground and surface water at the site is mainly dissolved and is thus highly bioavailable, so the concentrations may still pose a risk to aquatic organisms (c.f Naidu 2012). In addition, although the elements seem to be stable in Lake Kuuslahti, the lake bottom is dredged for cargo ships transporting fertilizers from the factory, and the harmful substances may be released into the lake water, elevating the possibility of adverse effects on aquatic ecosystem.
Conclusions
This study of the Yara industrial site indicated that dust and seepage emissions from tailings has increased the total concentrations of As and other PHEs as well as the amount of potentially mobile and available contaminants, compared to the natural geogenic background. Elements in the soils were mainly associated with Fe(oxy)hydroxides, and so their mobility is closely linked to Fe biogeochemistry. Although concentrations of As and PHEs were high in tailings pond and seepage water, the concentrations were low in ambient ground and surface water, due to the stability of Fe(oxy)hydroxides in current chemical conditions. This was supported by hydrogeochemical modelling, which showed precipitation of Fe oxides and hydroxides. Concentrations of As and other PHEs were elevated many times in nearby lake sediment after industrial activities began in the 1970s, but have decreased during the last few decades. According to speciation modelling, As was mainly present in groundwater as the toxic trivalent arsenious acid (H 3 AsO 3 ) at pH \ 6, and mainly as the less toxic pentavalent As acids (H 2 AsO 4 -and HAsO 4 2-) at pH [ 6 and in surface water. If the physico-chemical conditions change, As adsorbed to Fe(oxy)hydroxides may be mobilized, and As speciation may change into the more toxic form. Our study showed that a combination of hydrogeochemical and geochemical approaches can be helpful in assessing tailings-derived contamination and metal mobility.
